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ABSTRACT: Surface anchoring of an organic functionalized +
POM, TBA;K[SiW,,05,(PhPO),] was carried out by two ' otad
methods, the layer-by-layer (LBL) assembly technique by , + W
employing a pentaerythritol-based ruthenium(II) metalloden- !SPDDA + ” J
drimer as a cationic moiety and also by entrapping the POM in % . Ry
a conducting polypyrrole film. The redox behavior of the Dend ” Sess
constructed films was studied by using cyclic voltammetry and ' + Sk
electrochemical impedance spectroscopy. The surface mor- oo #3588

phologies of the constructed multilayers were examined by + " A“ ¢

scanning electron microscopy and atomic force microscopy. X-

ray photoelectron spectroscopy was conducted to confirm the

elements present within the fabricated films. The multilayer assembly was also investigated for its catalytic efficiency towards the
reduction of nitrite.
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B INTRODUCTION inorganic hybrid thus synthesized possesses virtual C,,
Polyoxometalates (POMs) are inorganic metal-oxide aggregates symmetry with two phenylphosphonate groups (PhPO)
that display great diversity in their structure and composition."” attached to two WOg octahedra of POM framework through
Their unmatched intrinsic properties render them promising their oxygen atoms as illustrated by Figure 1. This modified
candidates for use in areas such as biotechnology, material POM exhibits greater stability than its nonfunctionalized
science, optics, magnetism, environmental sensing and precursor, that is, [y-SiW,03,(H,0)]™." Further more, this
medicine.”™* In a rapidly growing context of multifunctional POM has been reported to exhibit excellent catalytic efficiency

molecular architectures, derivatized POMs constitute ideal
building blocks owing to their enhanced stability and finely y

tuned electroactive properties. Among the several strategies to } /
functionalize the POMs, while maintaining their intrinsic . \‘>>—~ .

properties and structural integrity, the covalent attachment of x

organic moieties to the POM framework has many potential -
advantages as it provides a rational route to the modification of
the electronic, magnetic, and optical characteristics of the
POMs by an appropriate selection of the addenda atoms and
organic groups,'” for example, imido, silanes, or phosphonates.
The most widely studied group of POMs are the Keggin type
with the general formula [XM,,04]" where M’ represents
tungsten or molybdenum atoms while X is the heteroatom (X =
P, Si, As, Ge). Bis-organophosphoryl decatungstosilicate, that is,
[SiW,40;,(PhPO),]™* a Keggin type polyoxometalate has
been synthesized by the derivatization of a dilacunary anion,
that is, [SiW,yO35]™® with phenyl phosphonic acid. This

Figure 1. Polyhedra representation of [TBA];K[SiW,,0;5(PhPO),].

dilacunary anion is highly neucleophilic and is formed by the Received: March 25, 2014
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towards the oxidation of alcohols and alkenes with almost
>99% yield.'®

Particular attention has been exercised toward the immobi-
lization of POMs on different surfaces to achieve well-organized
nanoassemblies with accessible redox states. Various techniques
have been employed, such as, dip-coating, sol—gel technique,
adsor?tion, Langmuir—Blodgett films, self-assembled mono-
layer,'” electrodeposition, layer-by-layer assembly (LBL), and
incorporation into conducting polymers."®~*" LBL is believed
to be the simplest and most effective method to develop well-
ordered architectures with precisely controlled thicknesses
resulting in films that exhibit excellent thermal, mechanical and
chemical stabilities.?*"2° Previously, Cheng and co-workers>®
immobilized the phosphomolybdic acid POM on gold
electrode by employing the LBL technique and investigated
the electrocatalytic activity of the fabricated multilayer assembly
toward the reduction of nitrite at very low pH that is, 0.5 M
H,SO,. Multilayer assemblies of POM clusters with varying
charges and sizes were prepared by Liu et al. to address the
fundamental principles of this technique.”” Cheng et al. also
fabricated the multilayer nanoassemblies based on the Dawson
type POM P,W g, and showed that the film exhibited catalytic
response toward the reduction of iodate and oxidation of
arsenite.”®

POMs have been found to exhibit excellent electrocatalytic
activity toward a variety of analytes, which is attributed to their
ability to reversibly accept and donate electrons without any
structural change. Nitrite occurs naturally and is an important
element of the global nitrogen cycle with it being employed as a
food preservative.””** However, an increased level of nitrite in
the environment may lead to significant toxic effects.*!
Nitrosamines, produced by the reaction of amines with nitrite,
are carcinogenic. In humans, a high concentration of nitrite can
cause the production of metheamoglobin by the oxidation of
oxyheamoglobin which severely affects the oxygen carrying
capacity of the blood leading to a medical condition termed
“blue baby syndrome” or “methemoglobinemia”.**

The novel work presented in this article focuses on the first
time surface immobilization of an organic hybrid [Si-
W,0034(PhPO),]*” POM by employing layer by layer
methodology using Ru(II) metallodendrimer and by entrap-
ment into a conducting polypyrrole matrix. The novelty of this
work is based upon this surface immobilization study being the
first to have been undertaken with this organic hybrid POM. In
addition, the POM’s ability to effectively electrocatalytically
reduce nitrite while in the immobilized state represents the first
known report of such activity for this specific POM.

B EXPERIMENTAL SECTION

Materials. The pentaerythritol based rhuthenium metalloden-
drimer Ru,C,,sN,,Hg,PsF, was synthesized and characterized by our
group according to the literature.®® [TBA]3K[SiW,y054(PhPO),]
POM was received from Andrea Sartorel’s group in the University of
Padova, Italy. All other chemicals were of reagent grade and used as
received unless stated otherwise. 20% PDDA, (poly-
(diallyldimethylammonium chloride)), MW 20,000, was used to
prepare 8% PDDA solution. Tetrabutylammonium hexafluorophos-
phate, Bu,NPF,, was recrystallized twice from ethanol before use.
Molecular sieves of size 3 A were used to dry acetonitrile. Alumina
powders of bead sizes 0.0S, 0.3, and 1.0 ym were purchased from CHI
Instruments. Ultrapure water with a resistivity of 18.2 MQ at 25 °C
from Millipore purification system was used to prepare the electrolyte
solutions. The electrolytes used for the electrochemical studies were of
following compositions, 0.1 M Na,SO, (pH 2.0-3.0), 0.1 M Na,SO,/
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20 mM CH;COOH (pH 3.5-5.0), and 0.1 M Na,SO,/20 mM
NaH,PO, (pH 5.5—7.0). pH of these electrolytes was adjusted either
with 0.1 M NaOH or 0.1 M H,SO,.

Instrumentation and Procedure. Electrochemical measurements
were carried out on a CHI 660 potentiostat by employing a standard
three electrode system with a glassy carbon working electrode (area =
0.0707 cm?), a platinum wire auxiliary and a Ag/AgCl reference
electrode in aqueous media. For nonaqueous solutions, the reference
electrode was a silver wire in contact with 0.01 M AgNO; in 0.1 M
solution of electrolyte (Ag/Ag"). The glassy carbon working electrode
was cleaned by polishing it with alumina powder of 1.0 0.3 and 0.05
um grain sizes successively and rinsed with distilled water between
each polishing step. Finally the electrode was sonicated for 10 min and
washed with ethanol prior to use. Cleaning of ITO slides was carried
out by immersing them in a 0.1 M H,SO, for 12 h, the cleaned slides
were then rinsed thoroughly with deionized water and dried by
nitrogen gas. The voltammetric measurements were performed at
ambient temperature. The working solutions were degassed with high
purity nitrogen for 15—20 min prior to voltammetric measurements
for the complete removal of dissolved oxygen.

Electrochemical impedance measurements were performed by
cycling the bare and POM/Ru dendrimer coated electrode in an
aqueous solution of 10 mM potassium ferrocyanide and 10 mM
potassium ferricyanide in 0.1 M KCl. Experiments were carried out by
employing an applied potential of 230 mV vs Ag/AgCl reference
system and a frequency range of 100 to 100000 Hz with signal
amplitude of 0.005 V. The working solution was prepared freshly prior
to use and stored in the dark.

Multilayer assemblies of SiW,, and the ruthenium(II) metal-
lodendrimer prepared on ITO slides were investigated for their surface
morphology by SEM imaging by employing Zeiss SUPRA 40VDP, field
emission-scanning electron microscopy (FE-SEM), by setting the
acceleration voltages at 10 kV. Samples for the atomic force
microscopy (AFM) were prepared and characterized using the same
equipment and procedures as reported previously.>*3*

High-resolution X-ray photoelectron spectra were recorded by using
a Kratos AXIS instrument with a monochromatic Al Ka radiation of
1486.6 €V energy as the excitation source (10 mA, 15 kV). All the
spectra were acquired with analyzer pass energy of 20 eV and 100 ms
dwell time per step. The spectra were fitted with a Gaussian profile
using standard procedure. Binding energy values were calibrated by
employing the C Is 284.80 eV. The atomic concentration of the
substituent elements was quantified by subtracting the Shirley-type
background. High resolution scans of each detected element were
acquired for about 160 scans each.

SiW,,-Doped Polypyrrole Film Formation. The electrodeposi-
tion of polypyrrole films doped with the SiW;; POM onto clean glassy
carbon working electrodes was conducted in accordance with the
literature.® Films of different thicknesses were fabricated by
employing a fixed potential of +0.65 V and through the deposition
of varying charges, namely, 2, 5, and 10 mC. The regular increase in
the deposited charge (C/columb) with the passage of time (T/
second) points to the continuous accumulation of the POM within the
growing polypyrrole film. The redox activity of the polymer modified
electrodes was then investigated in 0.1 M Na,SO, buffer pH 2.0.

Construction of POM/Ru-Dend-Based Multilayer Assem-
blies. The previously reported procedure based on the layer-by-
layer technique was followed to construct the multilayer assemblies on
the glassy carbon electrode.*’ > The surface of the precleaned glassy
carbon electrode was modified by immersing in an 8% aq. PDDA
solution for 30 min (step 1). It was rinsed with ultrapure water to
remove the unbound polymer before drying with nitrogen gas. This
modified electrode was then immersed in a 0.5 mM solution of the
SiWy POM in acetonitrile for 20 min to form the anionic POM layer
by the electrostatic attraction with the oppositely charged PDDA
molecules (step 2). After a fixed time, the electrode was removed from
the POM solution and dried again with nitrogen gas. This PDDA/
POM modified electrode was then transferred to a 0.02 mM
acetonitrile solution of ruthenium dendrimer for 20 min (step 3).
The cationic charge on the dendrimer is the driving force behind the
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ready association with anionic POM. The step 2 and 3 were reiterated
to build the 8 bilayers. The construction of the multilayer assembly
was scrutinized by recording cyclic voltammograms after each bilayer
deposition.

B RESULTS AND DISCUSSION

The redox behavior of [TBA];K[SiW,,0:4(PhPO),] POM,
herein after referred to as (SiWy,), was investigated by
employing cyclic voltammetry both in the solution and
immobilized states.

Solution Redox Properties of [TBAIl;K-
[SiW,4036(PhPO),]. The Keggin type SiW,, POM, was
found to be insoluble in aqueous media therefore its basic
redox behavior was investigated in 0.1 M TBAPF/MeCN as
explained by Figure 2. Three redox couples are apparent,
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Figure 2. Cyclic voltammogram of a 2 mM SiW,, CH;CN/Bu,NPF;
solution at GCE (nonaqueous Ag/Ag" electrode). Scan rate 100 mV/s.
Initial scan direction is negative.

T T
20 -15 00 05

labeled as I/I’, II/II’, and III/III’ associated with the
electrochemical activity of the POM’s tungsten oxo framework.
The first two of these couples with formal potential values of
—0.556 and —1.177 V (vs Ag/Ag") were found to be
monoelectronic in nature while the third process, E,, =
—1.691 V (vs Ag/Ag") is a bielectronic redox process. These
observations are in compliance with the previously reported
results.** This observed redox behavior for the POM
corresponds to the following reactions:

[51“710035]4_ +1le = [SW\GoOss]S_ (1)
[SiW, (05~ + 1™ = [SiW,(05]°” )
[SiW,(05]°™ + 2¢” = [SiW,(05]% 3)

Surface Immobilization of SiW,, POM. SiW,,-Doped
Polypyrrole Film. Polypyrrole films doped with the Siw,, POM
of varying thicknesses were fabricated on glassy carbon working
electrodes by employing a potentiostatic method. The polymer
modified electrodes were then investigated for their electro-
chemical behavior in 0.1 M Na,SO, buffer pH 2.0. Figure 3
illustrates the voltammogram recorded for the SiWy/
polypyrrole composite film with an estimated surface coverage
of 0.134 nmol-cm ™ calculated by employing the equation
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Figure 3. Cyclic voltammogram of a SiW,,/PPy hybrid film (I" = 0.13

nmol cm™2) on GCE cycled in 0.1 M Na,SO, buffer (pH 2.0) (scan
rate = 100 mV s™!). The film was deposited at +0.65 V.

I' = Q/nFA (4)
where A represents the area of electrode, F is Faraday’s
constant, # is the number of electrons transferred, and Q _is the
charge passed during the redox process. What is readily seen is
the presence of two well-behaved pH dependent bielectronic
reversible redox processes, which are believed to be related to
the electrochemical activity of the W—O framework of the
POM. This observed redox pattern complies with the literature
results.”! These two redox processes labeled as I/I’ and II/II’
exhibit formal potential values of —0.306 and —0.614 V (vs Ag/
AgCl) with corresponding peak to peak separation (AE) values
of 50 and 51 mV, respectively. The deviation of AE values from
the expected zero value for ideal thin film behavior might be
attributed to the uncompensated resistance or some kinetic
constraints. It is evident that the polymer bound POM shows
well behaved redox behavior in aqueous buffer as compared to
its behavior in organic media in the solution phase. This is
probably due to the coupled electron/proton transfer
phenomenon, a characteristic feature of POMs in acidic
media where the effective densification of more than one
monoelectronic processes leads to the generation of apparent
multielectronic processes, supported by the protonation of the
reduced species owing to their hi§h basicity as has been
explained previously in literature.”~* In this case, it appears
that the two monoelectronic processes I and II observed for the
solution behavior of SiWy, in Figure 2 have transformed into a
single bielectronic process W—O (I) for the polymer bound
POM. The significant anodic shifting of the reduction
potentials is also a striking feature of the immobilized SiW
POM in aqueous electrolyte which may be caused by the
apparent interaction of the cations/H" favoring the stabilization
of a more highly charged reduced species thereby resulting in
the observed anodic shift. The observed redox activity of the
POM within the polypyrole films can be summarized by eqs S
and 6 below.

[SiW,(03]*" + 2¢™ + 2H' = [H,SiW,,05]*" (s)

[H,SiW,(05]*™ + 2™ + 2H' = [H,SiW,(05]*  (6)

DOI: 10.1021/am5017864
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It was observed that cycling the polymer film through the
second redox couple led to dramatic changes in the cyclic
voltammogram, in that, the observed redox behavior was lost.
This was probably due to cycling the film to potentials where
reduction of the polymer backbone occurred thereby resulting
in the leaching out of the POM from the film. In order to avoid
this, potential cycling of the film was restricted to the narrow
potential domain encompassing only the first tungsten-oxo
based redox process. On subjecting the film to the “breaking-in”
process, there is only a slight change in either the anodic or
cathodic peak potentials (S—6 mV) and the peak currents
(0.1-0.15 pA), between the initial (E,) and final voltammetric
scan (E{,) as explained by Figure 4, which indicates that the
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Figure 4. Breaking-in process of a SiW,o/PPy film (I" = 0.13 nmol
em™2) in 0.1 M Na,SO, buffer (pH 2.0). Scan rate =100 mV-s™".
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redox cycling has essentially no effect on the film’s morphology
and these minor changes may attribute to the ingression of
compensating counterions during the electrochemical reduc-
tion of the POM framework. When plotting against scan rates,
peak potentials were found to be independent while associated
peak currents exhibited a linear relationship with scan rate up to
2 V s as seen in the Figures SA and B, this being a
characteristic of thin layer behavior. Peak splitting occurs at
higher scan rate which ultimately causes the distorted peak
symmetry. Supporting Information Table S1 summarizes the
redox behavior of the SiWy-polypyrrole hybrid films as a
function of scan rate and surface coverage. It is clear from the
data that with the increase in the film’s thickness, the peak to
peak separation values also increase which can be attributed to
the augmentation of the hindrance of charge transfer within the
thicker films.

The pH of the working electrolyte was found to have a
noticeable effect on the redox activity of the SiW, doped
polypyrrole film. With increasing pH from pH 2 to S, an
expected negative shift in the peak potentials was observed as
shown by the Supporting Information Figure S1(A).
Supporting Information Figure S1(B) illustrates the relation-
ship between the pH and the peak potentials for the first W—0
redox couple with the measured slope indicating the addition of
2—3 protons for that electrochemical process.

SiW,/Ru-Dendrimer Multilayer Assembly. Multilayer as-
semblies of SiW,, and the ruthenium(II) metallodendrimer
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Figure S. Overlayed cyclic voltammogrames of SiW,,/PPy hybrid film
on GCE cycled in 0.1 M Na,SO, pH 2.0 buffer at scan rates 10 (inner)
to 70 (outer) mVs™' (A). Graph between peak currents (Ic and I,,)
and scan rate for a SiW,o/PPy film (I' = 0.13 nmol cm™2) (B).

were fabricated on precleaned glassy carbon working electrodes
by following the procedure described in the Experimental
Section. The deposition of the multilayer film was scrutinized
by cyclic voltammetry by monitoring the redox activity of the
assembled layer at both the negative (tungsten-oxo activity)
and positive potential (ruthenium dendrimer activity) domains
in pH 2.0 buffer, as shown in Figures 6 A and B, respectively. A
gradual increase in the peak currents can be observed for the
tungsten-oxo redox processes associated with the POM’s
framework and the Ru(III/II) metallodendrimer’s redox
process, with every successive deposited layer. These
voltammograms were also found to be reproducible from
layer to layer. Figure 6C shows the variation in the measured
charges associated with the first and second tungsten-oxo redox
processes with layer number. The linear variation can be
indicative of regular and homogeneous growth of the multilayer
assembly. The representative cyclic voltammogram of the
resulting multilayer in pH 2.0 buffer (Supporting Information
Figure S2) shows two well-defined bielectronic reversible
tungsten-oxo redox couples with E,/, values of —0.32 and
—0.66 V (vs Ag/AgCl), respectively, and a monoelectronic
Ru(III/II) linked process with an E;;, of +1.05 V. The

DOI: 10.1021/am5017864
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Figure 6. Cyclic voltammograms of the construction of a multilayer
film (8 bilayers) having outer SiW,y POM layer in pH 2.0 buffer (0.1
M Na,SO,) on GCE (the scan rate was 0.1 V s™', scan direction
negative) showing the tungsten-oxo redox activity of the POM (A)
and Ru " process (B) indicating the increase in current with
increasing layers. Plot of peak charges (Q. and Q,) versus layer
number for the first (Q-1) and second (Q-2) tungsten-oxo redox
process (C).

measured AE, values for these processes were found to be 50,
35, and 90 mV, respectively, which is higher than the expected
theoretical zero value for a surface confined species which may
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be attributed to the uncompensated resistance inside the cell or
some sort of kinetic constraints. Furthermore, the value of Ip,/
Ip. was close to 1 hence suggesting a reversible redox process.

The average surface coverage values of both I';, and I' 4
were found to be 0.16 and 0.43 nmol cm™ respectively,
suggesting a monolayer coverage.”” This is in accordance with
the previously reported results by Wang and co-workers.* The
scan rate study on the film revealed that the peak potentials
linked to the W—O redox processes were independent of the
scan rate up to 100 mVs ™', while the peak currents varied in a
linear fashion with scan rate as shown in Supporting
Information Figure S2 B and C indicating a surface confined
process.”” Supporting Information Table S2 summarizes the
electrochemical data for the second tungsten-oxo redox
process. The values of full width at half-maximum (fwhm,,)
were 140 and 156 mV for the two tungsten-oxo redox
processes, respectively. This deviation from the expected ideal
value of 45.3 mV may be attributed to some sort of weak
destabilizing interactions between the adsorbed redox active
sites.*®

The effect of pH of the supporting electrolyte on the redox
behavior of the entrapped POM within the constructed
multilayer can be observed by Supporting Information Figure
S3 (A). It is evident from the voltammograms that with
increasing pH, both W—O redox processes show a cathodic
shift and a continuous decrease in their peak currents,
suggesting a slow penetration of the cations toward the
electrode so as to maintain charge neutrality.

Supporting Information Figure S3 (B) illustrates the
relationship between the pH and the formal peak potentials
for the second tungsten-oxo redox process. From the value of
the observed shift i.e 60 (+0.5), the number of H* ions entered
into this electrochemical process was calculated to be 2. This
system is quite stable and reversible over a pH range from 0.0
to 8.0. The effect of the charge of the outermost layer on the
electrochemical response of the POM based multilayer film was
also scrutinized by recording the voltammogram after the
adsorption of each cationic dendrimer layer as illustrated by
Supporting Information Figure S4. What is readily seen is that
the POM still shows its reversible redox behavior without any
considerable change in the peak currents unlike the previously
reported results where the POM’s redox activity was masked by
the cationic moiety.*’

Electrochemical Impedance Spectroscopy (EIS). Elec-
trochemical impedance spectroscopy (EIS) allows the evalua-
tion of kinetic as well as diffusional components for
electroactive surface confined electro-active systems. Impe-
dance is actually the measure of the hindrance offered by
multilayer assemblies to the diffusion of an electrochemically
active probe, [Fe(CN)¢]*~/*~ toward the underlying electrode
surface. Figure 7 depicts the impedance plots of the ferri/
ferrocyanide redox couple, at a bare glassy carbon electrode and
at different stages during the construction of the SiW,, based
multilayer system, with the applied potential being adjusted to
the E,/, of the redox probe. It can be observed from the plots
that as the number of layers deposited increases the redox
process moves from being purely diffusion controlled to one
which is primarily kinetically controlled, with an associated
increase in the measured charge transfer resistance value (R).

Quantitative interpretation of the impedance graph was
performed by employing the appropriate equivalent Randles
circuit and extracting the electrical parameters. The equivalent
circuit comprises an electrolyte resistance, R in series with a

DOI: 10.1021/am5017864
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Figure 7. Impedance plots of the multilayer film with increasing layer
number where (a) bare GCE, (b) GCE/PDDA, (c) GCE/PDDA/
POM, (d) GCE/PDDA/POM/Ru dendrimer, and (e) GCE/PDDA/
POM/Ru dendrimer/POM. Frequency range = 0.1 to 100000 Hz;
signal amplitude = 0.005 V; applied potential = +0.23 V. Electrolyte:
10 mM K,[Fe(CN),]/10 mM Ky[Fe(CN),] in 0.1 M KCL.

parallel circuit of double layer capacitance Cy and a charge
transfer resistance R, alon§ with a diffusional branch, that is,
Warburg impedance Zw'so— 2 However, in this case, a constant
phase element (CPE) was introduced into the equivalent circuit
instead of Cy, which defines the nonuniform distribution of the
capacitance over the surface due to the amorphous nature of
the glassy carbon working electrode. Supporting Information
Figure SSA explains the switching behavior of the double layer
capacitance. What is clearly seen is that the modification of the
working electrode using PDDA as the base layer resulted in a
65% drop in Cy. It was also observed that the deposition of the
anionic POM caused a subsequent increase in Cy. However, the
extent of this effect diminishes as the number of layers increases
suggesting a lesser influence of the thickness of multilayer on
the Cy value at the electrode/solution interface. A sharp
increase in the Warburg element (Supporting Information
Figure SS B) was observed on the absorption of the first layer.
The reason behind this effect is probably the increased surface
area available for the charge transfer to/from the electrode. The
R, values for the initial layers were smaller; however, the curve
shows a direct relationship with the layer number from the
third deposited layer as illustrated by the Supporting
Information Figure SSC. This relatively different behavior of
the multilayer assembly for the initial layers as compared to the
subsequent ones suggests a less compact film at the initial
stages of fabrication thereby allowing the redox probe to
permeate the film through pinholes and defects for reaction at
the underlying electrode. Table 1 illustrates the impact of the
multilayer film’s thickness on fitted values of the Randles circuit
elements.

Permeability of Multilayer Systems. A thorough under-
standing of solute transport through thin films is important in
describing the catalytic or inhibitory behavior of such films.>®
The permeability of the constructed multilayer assemblies
toward anionic, that is, [Fe(CN),]*~ and cationic, that is,
[Ru(NH,)¢]** probe molecules has been investigated. [Ru-
(NH,)4]** shows a well behaved monoelectronic redox process
with an E;,, of —0.237 V (vs Ag/AgCl) while [Fe(CN),]*"
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Table 1. Parameters Acquired from the Complex Impedence
Spectra of the (SiW,o/Ru Dendrimer), Multilayer
Assemblies at GCE at +0.23 V in 10 mM K,[Fe(CN),]/10
mM K;[Fe(CN),] in 0.1 M KCl by Fitting to Equivalent
Circuit

layer no. R, (KQ) C (uF cm™) W (Q cm?)
0 0.126 0.32 226
1 0.187 0.11 118
2 0.399 0.32 218
3 1.164 0.17 273
4 2.549 0.26 172

shows a monoelectronic redox process with an E, /, of +0.282 V
(vs Ag/AgCl). Supporting Information Figure S6 represents the
redox behavior of Fe(CN)s*/*> probe at an electrode surface
modified with the SiW,,/Dendrimer assembly comprised of 4
bilayers with an outer POM (S6 A) and outer dendrimer layer
(S6 C). A slight reduction in peak currents linked with the
redox activity of the probe can be observed with an associated
increase in the peak to peak separation as compared to their
behavior at the bare carbon electrode. This shows that the film
still allows penetration of the redox probe to a greater extent.
However, it does appear that the multilayer assembly consisted
of 4 bilayers with an outer positively charged dendrimer layer
appears to be slightly more permeable than a film having an
outer negatively charged POM layer. This may be explained by
the presence of attractive forces between the probe and the
outer cationic layer. However, upon increasing the number of
bilayers to 8, the permeability showed a substantial decrease but
the redox activity of the probe can still be observed as explained
by Supporting Information Figure S6B and D.

In contrast to ferricyanide, the electron transfer process for
the [Ru(NH;)s]™ moiety was not affected drastically by the
presence of the multilayer assembly as illustrated by the
Supporting Information Figure S7 A-D. The reversibility of this
redox couple was maintained with a very negligible alteration in
the peak to peak separation value (AE) and peak currents
suggesting that the films in general show greater permeability to
the cationic probe. Stability study of the modified electrode
showed that the multilayer assembly possessed a relatively good
stability toward redox cycling, pH of the electrolyte and storage
period as mentioned by Supporting Information Figure S8.

Surface Characterization. The morphology and compo-
sition of the immobilized films were determined by scanning
electron microscopy, atomic force microscopy, and X-ray
photoelectron spectroscopy.

Figure 8 shows the SEM images of the multilayer assembly
consisted of 8 bilayers having an outer anionic POM (A), outer
dendrimer moiety (B) and SiW,,-doped polypyrrole film (C).
It may be seen from these images that the surfaces of the films
are not smooth; the multilayer assembly exhibits a dendritic
type structure whereas the POM entrapped polypyrrole film is
granular in nature. Cross section images of the film with 8
bilayers and the POM-doped polymer film are shown in
Supporting Information Figure S9. Viewed in cross-section,
globular structures of varying sizes were seen in both films. The
diameter of the globules seems to vary appreciably both within
each film, and between the LBL and POM/polypyrrole film.

Variations in the surface morphology of the multilayer
assemblies were also investigated by AFM in tapping mode. A
series of topography and phase AFM images were obtained at
each stage of the fabrication process. The topography images
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Figure 8. SEM images of multilayer film composed of 8 bilayers having
outer POM (A) outer dendrimer moiety (B) and POM-doped
polypyrrole film (C).

are presented in Figure 9. Sq, the mean root square surface
roughness, was calculated from these topography images. From
these data, the influence of the underlying ITO substrate on the
polymer film morphology as successive layers are applied may
be clearly seen. Upon deposition of the PDDA base layer onto
the surface of the ITO substrate, a decrease in the root-mean-
square height, Sq of the surface from 4.40 nm (Figure 9A) to
3.88 nm (Figure 9B) was observed. Sq was 3.88 nm after
deposition of the first POM monlayer (Figure 9C), suggesting
that the polymer layer was preferentially deposited in the
valleys present on the ITO surface.

The influence of the ITO substrate’s morphology could no
longer be seen after 8 bilayers were deposited, as may be seen
from Figure 9D and E. Globular structures were observed on
the surfaces which were of similar shape and distribution for the
films with different terminal moieties. However, Sq was slightly
lower for the SiW, terminal layer (Figure 9D) than for the Ru
dendrimer terminal layer (Figure 9E) 11.6 vs 14.9 nm. Thus, it
is suggested that the anionic POM filled the low lying valleys
present in the underlying surface, whereas the cationic
Dendrimer agglomerated on the surface resulting in higher Sg
values. These observations are in agreement with previously
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reported data.® Sq for the SiW,y-doped polypyrrole doped
hybrid film (Figure 9F) was 7.09 nm.

Little variation in phase contrast was seen for each sample
analyzed, though appreciable differences in phase angle were
observed between samples (AFM phase images are presented
in Supporting Information, Figure S10). It is known that a wide
range of phase contrasts may be observed between inhomoge-
neous regions on the same sample.>* Recently, Raj et al.>* have
demonstrated that, for POM—polymer hybrid samples, hard
POM entities appeared as well-defined bright (ie, larger
positive phase shift) spheres whereas softer polymer entities
appeared as softer polymer materials are seen as darker (ie.,
smaller phase shift) regions. Hence, the absence of phase
variation within samples suggests that each surface consists
solely of POM or RuDend, and the change in phase angle
between samples suggests that each successive step in the
multilayer deposition process resulted in the formation of an
additional homogeneous monolayer.

X-ray photoelectron spectroscopy was exploited to elucidate
the elemental composition of the multilayer assembly. XPS data
confirmed the presence of Si (2.3%), Ru (0.8%), W (5.2%), C
(56%), O (28.4%), and N (5.1%) within the multilayer film.
Supporting Information Figure S11 illustrates the survey
spectrum of the multilayer assembly. The presence of the
anionic SiWy, layer was evident from the Si 2p signal with a
binding energy at 101.7 eV, W 4f doublet at 35.4 and 37.4 eV
for W 4f,,, and W 4f;,, levels respectively and P 2p
corresponding to 132.7 eV (Supporting Information Figure
S12). The presence of the pyridine based Ru-dendrimer layer
was confirmed by the N 1s peak associated with the binding
energy of 400 eV and a doublet linked to Ru at 281.1 and 285.2
eV for Ru 3ds,, and Ru 3d;, levels (Supporting Information
Figure S12). For the SiW,, hybrid polypyrrole film as illustrated
by the Supporting Information figure S13, in addition to the
anionic POM, the presence of the polymeric component of the
film was evident by the C 1s and N 1s characteristic spectra.
The C 1s spectrum can be differentiated mainly into peaks
associated with the C=C (284.8 ¢V) and C—O/C—N (286.6
eV) while the N 1s peak with the binding energy of 400 eV
corresponds to the C—N bond and the peak at 401.7 eV
corresponds to the ammonium part (N*). N/N* ratio was used
to calculate the dopant level of the hybrid film which was found
to be 0.6.

Preliminary Electrocatalytic Properties. Polyoxometa-
lates have been used as mediator for the electrocatalysis of
nitrite in their reduced forms. Unfortunately, most of the
previously reported POM based assemblies operated only at
very low pH, that is, 0—2 because of the instability of the POMs
over a large pH range which limits their practical application.*®
However, SiW;, POM exhibited a good stability over a wide
pH domain which can make it a suitable electrochemical sensor
for the detection nitrite in real samples at their own pH
environment, for example, soil, wood pulp, tap water, industrial
effluent, and meat industry.

The fabricated multilayer assembly was also investigated for
its electrocatalytic efficiency toward the reduction of nitrite.
Figure 10a shows the overlay of cyclic voltammograms
recorded for the SiWw;, POM based layer-by-layer assembly,
which is comprised of 8 alternating monolayers of SiWy, and
[RuDen](PFy)g, in pH 4.5 buffer in both the absence and
presence of varying concentrations of nitrite. It is quite clear
that the cathodic peak current related to the second tungsten-
oxo redox process is greatly increased with the addition of
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Figure 9. AFM topographic images of (A) clean ITO slide, (B) ITO/PDDA, (C) ITO/PDDA/POM (monolayer), (D) ITO/PDDA/POM
composed of 8 bilayers with outer POM layer, (E) ITO/PDDA/POM composed of 8 bilayers with outer dendrimer layer, and (F) POM-doped

polypyrrole film.

nitrite along with an associated current decrease in its anodic
counterpart. However, the peak currents for the first redox
process remain almost unaffected indicating that only the
reduced form of SiW;, POM assists in the electro-reduction of
the nitrite at pH 4.5.

For comparison, the electrochemical reduction of nitrite at
bare glassy carbon electrode was also investigated under the
same experimental conditions but no obvious interaction was
observed suggesting the inactivity of bare electrode toward the
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nitrite at the respective pH (Figure 10b). Quantitative catalytic
behavior of the modified electrode can be assessed by
calculating the electrochemical catalytic efliciency by employing
the expression

CAT = {[I(P0M+No;) = Ipomn)/Ipom} X 100 @)
where Ipomno,”) is the peak current response of the POM
multilayer in the presence of NO,™ and Ipoyy is the peak
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Figure 10. Cyclic voltammograms of GCE coated with SiW,o/Ru
dend based multilayer assembly composed of 4 bilayers in absence and
presence of NaNO, up to 1 mM in pH 4.5 buffer where (a) 0.0, (b)
0.2, (c) 0.4, (d) 0.6, and (e) 0.8 mM NO,~ (A) at a scan rate of S mV
s™'. (B) Comparison of the cyclic voltammograms for bare glassy
carbon electrode (i) and 4 bilayer multilayer assembly at 1.0 mM
NOZ_1 and (C) catalytic current (Icyr) versus concentration of nitrite
for the electrocatalysis of nitrite at GCE modified with SiW,,/Ru dend
based multilayer assembly.

current of multilayer in the absence of NO,™ ions. From the
equation the calculated catalytic efficiency was found to be
increased from 45% for 0.2 mM NO,” to 230% for 1 mM
NO,™.
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Figure 10c shows a direct relationship between the measured
catalytic cathodic currents and the concentration of NO3 up to
1.0 mM, with a correlation coeflicient of 0.990 and a sensitivity
of 122 (+£0.4) mA-M™"-cm™?, which is much higher than most
of the previously POM-based electrocatalytic systems.*” For
instance Cheng and co-worker® reported the electrocatalysis of
nitrite by employing a P,W,30¢,~®/polyamidoamine dendrimer
multilayer assembly at pH 1.1 showing a sensitivity of 2.8 mA-
M~l.cm™. Fernandes et al.® fabricated the layer by layer
assembly based on [SiW;;Fe(H,0)0;,]/PEI which catalyzed
the electro-reduction of nitrite at pH 4.0 with a sensitivity of 6
mA-M™"-cm™2

B CONCLUSION

An organic functionalized POM was successfully immobilized
on glassy carbon electrode surface by exploiting layer-by-layer
and conducting polymer entrapment techniques. The fabricated
assemblies were found to be well organized and reproducible.
However, it was found that the multilayer films show more
stability toward a wide pH range and redox cycling even in
more negative potential domain. Cyclic voltammetry and AC
impedance studies showed the regular growth of the multilayer
assembly. Most importantly, it was observed that the presence
of cationic dendrimer in case of multilayer assembly does not
have any masking effect on the redox activity of POM.
Multilayer films showed substantial permeability toward redox
probes, furthermore the number of layers and the nature of
outermost layer within the assemblies impacted upon the films’
permeability. The surface features of the films were investigated
by employing a set of advanced surface characterization tools
including AFM and SEM. XPS confirms the presence of
constituent elements within the films. All these techniques
provide the consistent results. Additionally the multilayer
assembly also displayed good electrocatalytic ability toward the
reduction of nitrite.
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